INTRODUCTION
After a major nuclear incident, radiation exposure is a public health issue. 1 2 Following Japan's Fukushima Daiichi Nuclear Power Plant incident, triggered by the Great East Japan Earthquake and subsequent tsunami on 11 March 2011, health concerns have arisen in the radiation-contaminated areas. Years after the incident, owing to
Strengths and limitations of this study
▪ We undertook the first study after Japan's 2011 Fukushima nuclear incident, to identify profiles of children who did not properly use individual radiation dosimeters and to assess how much error is generated by improper dosimeter use. ▪ The external radiation screening programme, administrated by Minamisoma City, included a self-report survey with regard to the lifestyle of the participants at home and at school, as well as the conditions under which the dosimeters were worn, which enabled us to assess how well the programme participants used the dosimeters. ▪ Because the absolute values of the errors generated by improper dosimeter use may depend on radiation levels in the area, our findings with regard to the clinical significance of the errors may not be generalisable to other areas with higher exposure levels in the Fukushima Prefecture.
successful governmental control of contaminated food, the dose from internal exposure has been marginal; [3] [4] [5] [6] accordingly, as Tsubokura et al 7 acknowledged, a large proportion of the dose can be attributed to external radiation exposure. Assessment of external exposure is, hence, a major component of the current risk management of human health.
Dose can be assessed using either of the following two approaches: (1) mathematical model estimation with reasonable scientific assumptions or (2) direct individual dose measurements. 2 8 The estimation of the dose from external exposure is based on the level of air or soil contamination with due consideration of exposure attenuation, which is a function of personal and environmental factors (often referred to as radiation reduction factors). On the contrary, direct dose measurements are performed using an individual radiation dosimeter.
Quickness and flexibility are the main features of the modelling approach; modelling can provide estimated dose levels for individual as well as for representative members of the public, depending on the possible exposure scenarios. However, accuracy can be a significant challenge in its successful application in dose assessment. [9] [10] [11] Following the Fukushima incident, according to Nomura et al 12 and Naito et al, 9 the dose estimated using a reconstruction model developed by the Japanese government was about three times higher than that measured by an individual dosimeter. This disagreement arises primarily from uncertainties due to limited or incomplete information on the radiation reduction factors. 12 However, to respond to the growing concern from individuals in affected areas, to identify entry points for local action, and to develop strategy directions for local policy and practice, direct measurement can be a desirable dose assessment approach because it is easy to perform, with fewer scientific uncertainties, and can consider any individual specificity. 13 14 However, as Nomura et al 12 reported, children at the greatest risk for future health issues do not necessarily use the individual dosimeters properly, which may present an obstacle to the direct measurement approach because it likely influences the measurement values. Hence, to better understand issues associated with the use of individual dosimeters, and to determine appropriate evaluation and protection methods with respect to radiation exposure in the present Fukushima incident as well as for future radiological incidents, the objective of this study was twofold: (1) to identify profiles of children who do not use the dosimeters correctly after the Fukushima incident and (2) to assess how much error is generated by improper use of the dosimeters.
METHODS

Data collection Settings
The study site is Minamisoma City, located 14-38 km from the Fukushima Daiichi Nuclear Power Plant. In response to public requests, since 1 October 2011, 6 months after the Fukushima incident, the city office of Minamisoma has offered a free screening programme for external radiation exposure for infants, school children and pregnant women who reside in the city. The programme notification was released on the official website of Minamisoma Municipal General Hospital (MMGH). The geographical location of Minamisoma City relative to the nuclear power plant is shown in figure 1 .
The screening programme has been implemented once every 3 months. First, the city office mails a radiation dosimeter (Glass Badge: GD-450, Chiyoda Technol Corp) to the programme participants, together with an equipment instruction manual for the use of the dosimeter. After the 3-month measurement is completed, the dosimeter is returned to the city office and the measured value of the dose is recorded at MMGH. Note that a few dosimeters were lost during the programme, and we did not include those individuals who lost their dosimeters in this study. The instruction manual explains that the dosimeter needs to be hung from the user's neck throughout the day, except when the user is at home, in which case the dosimeter can be placed near the user.
For school children, this programme also includes a brief self-report survey with regard to their lifestyle at home and at school during the screening. This survey also contains questions on the conditions under which the Glass Badge is worn, which makes it possible to assess how well the programme participants used the dosimeters. The answer sheet is returned to the city office along with the dosimeters.
Study participants and data
We considered school children who participated in the fourth screening programme, which was conducted between 1 September and 30 November 2012, because of the large number of screening participants. As noted above, the analytical data set contained dose records and self-report survey results. The 3-month radiation dose (mSv) was measured in terms of a dose equivalent at a tissue depth of 1 cm (Hp(10)). 15 The dose attributed to the natural background from cosmological sources and the earth was subtracted from the original Glass Badge dose measurements by default; therefore, the dose data we obtained was the 'additional' dose after the Fukushima incident. The subtracted value was 0.14 mSv (0.56 mSv/year), which was measured before the incident by Chiyoda Technol Corp at Oarai, Ibaraki Prefecture, located more than 100 km south of the Fukushima nuclear plant. 16 Owing to geographical variation in the background dose and the measurement errors of the Glass Badge, the additional dose of some participants was below zero after automatic subtraction of this background dose, causing a left-censoring effect at 0 mSv. However, for easier clinical and policy interpretation, we re-added this dose value to the collected data. This means that the Glass Badge measurements of the additional dose were replaced with measurements of 'total' doses; accordingly, the data were left-censored at 0.14 mSv. Note that the lower limit of the measurable dose of the Glass Badge was 0.1 mSv and the range of accuracy of the Glass Badge measurement of the cumulative dose in 35 days was ±4%. 17 The Hp(10) value measured under geometrical conditions in Fukushima is known to be comparable with the effective dose obtained using isotropic or rotational irradiation geometries. 10 18 The effective dose is the weighted sum of the equivalent doses to various tissues and organs.
The self-report survey data contained information on the participants' behaviour for each time period in a day: at home (eg, room where most daytime hours were spent, storey on which this room is located, sleeping place, storey on which sleeping place is located); commuting time (eg, school commuting time, school commuting means); at school (eg, seat position in the classroom, number of times outdoor exercise was done per week, place where most lunch break hours were spent); and after school and on weekends (eg, place where most after-school hours were spent, hours spent outdoors after school, place where most daytime hours were spent on holiday, hours spent outdoors on weekends). The survey data also included the conditions under which the Glass Badge was worn during the following time periods: travel to school (whether the dosimeters were worn (brought) to school); at school (whether the dosimeters were worn at school); at home (whether the dosimeters were worn at home); outdoors (whether the dosimeters were worn (brought) outdoors) and at bedtime (whether the dosimeters were worn when sleeping).
Furthermore, the air dose rates at the participants' dwelling location and school were also considered (see the following sections).
Air dose rate at home
We collected data from the official website of the Ministry of Education, Culture, Sports, Science, and Technology (MEXT). After the Fukushima incident, MEXT performed airborne radiation monitoring at irregular intervals within a radius of 80 km around the nuclear power plant. The flight altitude for this monitoring is approximately 150-300 m above the ground, and the width of the flight path of the aircraft is about 1.85 km. The recorded value is the average of the measured values within a circle of around 600 m in diameter under the aircraft. The results of this MEXT monitoring are open access, and the data available online contain the air dose rate (μSv/h) at a height of 1 m above the ground, measured in terms of the ambient dose equivalent (H*10), 15 which includes the natural radiation background from the earth, 19 and the corresponding latitude and longitude coordinates of the monitoring points.
The air dose rate at each participant's dwelling location was then estimated as follows. First, because the fourth Glass Badge screening programme was conducted between 1 September and 31 November 2012, and the MEXT monitoring occurred twice in 2012 (28 June and 16 November), 20 21 a time interpolation method was applied to estimate the air dose rate in the screening period. Then, the MEXT monitoring results were averaged using a 500 m 2 mesh on the basis of the Japan Profile for Geographical Information Standards (elevation and slope angle fourth mesh data), 22 which was developed and released by the Ministry of Land, Infrastructure and Transport, Japan, such that each participant's household belonged to a mesh area. This approach enabled estimation of the air dose rate at each participant's household during the screening period.
Air dose rate at school The Fukushima Prefecture conducted air dose monitoring between 19 June and 11 July 2012, for each school in Minamisoma City. Data available for public access contain air dose rates at a height of 1 m above ground on the school grounds and at the main gate and entrance/exit of the school, measured in terms of the ambient dose equivalent (H*10), 15 which included the natural radiation background from the earth.
Data analysis
The following two analyses were conducted.
Analysis 1: To identify the factors associated with improper use of the Glass Badge for the time periods in a day, a logistic regression model was constructed for each time period. The outcome measure was binary (1: not used, 0: equipped); thus, the regression results present the exponentiated form of the computed regression coefficients of each independent variable, indicating the change in the odds (ie, the OR) of non-use for a unit increase in the variable.
Analysis 2: To assess how much error is generated by improper use of the Glass Badge, we considered the following method. First, using the data from those who used the dosimeters properly (ie, the participants who used the dosimeters during all time periods in a day), we estimated a regression model that specified the relationships between the measured dose and the covariates. To build the model, a Tobit model was applied to the data, which enabled estimation of the linear relationships among variables, adjusting for the left-censoring effect of the Glass Badge. Given the potential outliers among the school children (ie, those who showed higher dose levels), the natural logarithm of the dose was used for the dependent variable. Second, we predicted the 'expected' dose values of those who used the dosimeters improperly, by fitting their parameters in this prediction model. Finally, the predicted dose and measured dose of each individual were compared in terms of the ratio of the measured to predicted values.
For regression modelling in these analyses, model selection was performed using a backward-stepwise method with p-to-remove set to >0.05. 23 Backward-stepwise regression starts with all candidate variables in the model and removes the least significant variables until all remaining variables are statistically significant. The partial F-test was used to verify the entry and removal of variables from the model. Variables that were known or suspected risk factors (eg, gender) were incorporated into the final model regardless of their statistical significance.
Robustness of the regression prediction
To assess the prediction accuracy of the Tobit model that we constructed for estimating the 'expected' dose in children who improperly used the Glass Badges, we built another prediction model using the classification and regression tree (CART) method. The CART method is a non-parametric method that does not require any assumptions regarding the distributions of the input data. 24 Then, we compared the pseudo-R 2 values from the CART model pruned by 10-fold cross-validation with the deviance criterion rule to those from a Tobit model in order to examine which model provides a better dose prediction.
All statistical analyses were conducted using STATA/ MP V.13 and/or R V.3.2.0.
RESULTS
Participants' characteristics
Of the 1956 school children who participated in the fourth screening programme, we excluded those for whom basic data, including household addresses, were missing, and we analysed the remaining 1637 children. The demographic characteristics of the participants are summarised in table 1. The majority of the participants were primary school children (65.2%) and lived in a rural area (69.0%). No substantial difference in gender was observed (52.4% female). The mean air dose rates at a height of 1 m above the ground at home, on the school grounds, at the main gate and at the entrance/ exit of the school were 0.49, 0.11, 0.22 and 0.17 μSv/h, respectively.
Profiles of children who improperly used the Glass Badge
Only 119 children (7.3%) wore the Glass Badge during all time periods in a day (ie, used the dosimeters properly). As shown in table 1, a large gap between use at home and use at school was observed. Many did not use the dosimeters when they were at home (70.3%) and sleeping (69.2%). On the contrary, most of the children wore the dosimeters to school (94.6%), and they were also likely to use the dosimeters at school (70.5%). Table 2 shows the results of logistic regression analyses to assess the relationships among non-use of the dosimeters and the covariates. After adjusting for the covariates, the school level was significantly associated with non-use at home, outdoors and at bedtime. Younger children (ie, primary/secondary school children) were significantly less likely to wear the dosimeters than were high school children. Other significant factors associated with non-use of the dosimeters were the air dose rate at home, gender, membership in outdoor sports clubs and hours spent outdoors on weekends. Children living in areas with a higher air dose rate at home had lower odds of non-use at school (OR 0.91 for 0.1 μSv/h increase; 95% CI 0.85 to 0.98; p<0.05), indicating that children who had higher air contamination levels at home were more likely to wear the dosimeter at school. At school, males had higher odds of non-use than females (OR 1.34; 95% CI 1.07 to 1.71; p<0.05). Those who belonged to outdoor sports clubs were less likely to use the dosimeters when they were outdoors (OR 1.38; 95% CI 1.00 to 1.90; p<0.05). Similarly, the odds of non-use among children who spent more than 2 h outdoors on weekends were 1.53 times higher than those of children who spent <30 min outdoors (95% CI 1.14 to 2.06; p<0.01), indicating that children who spent more time outdoors were less likely to wear the dosimeters outdoors. Whether or not the dosimeters were worn to school was not associated with any variables.
Comparison of measured dose versus regression estimates of dose
The data from the 119 children who properly used the Glass Badges were employed to construct the dose prediction model. The estimated model included the following variables: air dose rate at home and on school grounds, gender, dwelling area, school level, floor of room where most daytime hours were spent at home, floor of sleeping place, seat position in the classroom, and hours spent outdoors after school and on holiday. Using this model, the 'expected' dose values of the remaining children (n=1518) were predicted. The measured and predicted doses are compared in table 3. Although the overall comparison showed no statistically significant difference between the measured and predicted doses, time period-specific comparisons of 'to school' and 'outdoors' showed significant differences. The mean measured dose of those who wore the dosimeters to school was higher than their predicted dose by 0.04 mSv ( p<0.01: paired t test), representing a 13% difference from the predicted value. In addition, the measured dose of children who did not wear the dosimeters outdoors was 0.01 mSv lower than the predicted dose on average ( p<0.05), indicating a 3% difference.
Robustness of the regression prediction
The pseudo-R 2 values from the Tobit model were compared with those from a CART model pruned by 10-fold cross-validation with the deviance criterion rule to assess the prediction accuracy of the Tobit model. As a result, we obtained values of 0.86 for the Tobit model and 0.70 for the CART model, indicating that the Tobit model was slightly more predictive.
DISCUSSION
Following radiation-release incidents, rigorous evaluation of radiation exposure is fundamental for better understanding of the future health risks as well as for effective radiation protection planning. After the Fukushima incident, because of limited scientific evidence and knowledge with regard to dose reconstruction, we have faced inaccuracy in the government dose estimation model. 9 12 Hence, to ensure as much accuracy as possible, direct dose measurements using individual radiation dosimeters have been adopted by many local authorities as a major component of their radiation protection policies.
14 However, evaluations of proper dosimeter use by individuals is greatly lacking; the errors arising from improper use of the dosimeters are also unknown because of lack of information on users' daily behaviour and the conditions under which the dosimeters are worn. Here, the external radiation screening programme provided by Minamisoma City offered a unique and valuable opportunity to address these questions. This is the first study evaluating compliance with the proper use of an individual radiation dosimeter in children and the effects of improper use on the measured dose after a major radiation-release incident.
Our study showed that only 7.3% of the participants used the Glass Badges properly during the screening period, and some tendencies with regard to dosimeter use were identified to suggest potential reasons for this low rate. First, it must be emphasised that, although only a few per cent of the children used the dosimeters correctly, the use conditions by daily time period show that most of the children used the dosimeters properly during school hours (table 1) . Therefore, the low rate of proper use was attributed mainly to non-use when children were at home or outdoors, implying that parents were specifically concerned about the radiation exposure of their children at school (rather than at home or outdoors), where the children spent most of the day away from parental supervision. The practical implication is that more rigorous instructions on the use of the dosimeter are required, with particular focus on time periods other than on school hours. Second, primary and secondary school children were significantly less likely to wear the dosimeters at home, outdoors or at bedtime than were high school children (table 2), suggesting that it is very difficult to encourage younger children to adhere to the appropriate use of the dosimeters, possibly because the children found it difficult to handle the small dosimeters. Thus, another important implication is that younger children may require more specific equipment instructions.
Third, it should also be acknowledged that the air contamination level at home, and gender, are factors associated with how well the children use the dosimeters (table 2). Our logistic regression analyses confirmed that children who had lower air dose rates at home were less likely to wear the dosimeters at school and that male children were less likely to use the dosimeters at school than were female children. These results may reflect the greater concerns of parents about the risk of radiation exposure for female children in particular, who have the greatest risk of future health problems.
Fourth, membership in outdoor sports clubs and hours spent outdoors on weekends were also associated with non-use of the dosimeters outdoors (table 2) . These results imply that children who like outdoor activities tended to avoid wearing a dosimeter outdoors, possibly because they felt uncomfortable with it when they played outdoors.
Given these findings regarding the profiles of children who do not use the dosimeters properly, well-targeted instructions for particular groups of children should improve the rate of proper dosimeter use in children. However, more importantly, we must also consider the possibility that excessive or repeated instructions can be far more stressful for children and affect their everyday lives. Further discussion is expected in the future on how best to instruct children.
Importantly, the error (ie, the difference between the measured dose and regression estimates of the 'expected' dose) generated by improper use of the Glass Badge was almost 0 mSv (ratio: 0.99) overall (n=1518), with no statistical significance (table 3) . This result indicates that even if the dosimeters are not properly used, solid evaluation of the radiation exposure may be possible with some accuracy.
When children removed the dosimeters, the dosimeters were generally left somewhere inside the home or school. This means that if the dosimeters are removed when children are at home or at school, the dosimeters can detect the radiation emitted from the same environment at similar exposure levels to those where the children are currently located. However, if children do not wear or bring the dosimeters to school or outdoors, this implies that the dosimeters and the children are in different environments with different radiation levels. Therefore, there are two possible reasons for this small error: the gap in radiation levels was very small between places where children spent most of the day and places where the dosimeters detected radiation without the child nearby, and most of the children in this study did not spend much time outdoors during the screening period.
These assumptions were supported by the fact that when the errors for each time period were compared, statistically significant differences were observed among children who did not wear or bring the dosimeters to school ( p<0.01), whereas non-use at school or at home and during bedtime did not result in significant errors. Because children spend most of the day at school, if they do not wear or bring the dosimeters to school and the dosimeters are left in the home, the dosimeters measure the radiation in the home for a long period of time while the children are in school. Owing to successful decontamination of schools as well as schools' structural properties, there was a large gap in radiation levels between participants' dwelling location and the school grounds (mean of 0.49 and 0.11 μSv/h, respectively, including the natural background from the earth). As a result, the measured dose of children who did not wear or bring the dosimeters to school, where the radiation level was much lower than at home, was overestimated (ratio: 1.13; difference: 0.04 mSv; p<0.01). However, this 0.04 mSv difference in 3 months (an approximately annual dose of 0.12 mSv) is not clinically significant.
However, although it is not clinically significant, the finding that the measured values in those who did not use the dosimeters outdoors were significantly underestimated (ratio: 0.97; difference: 0.01 mSv; p<0.05), deserves careful consideration. This small error was attributed to the fact that most of the children in this study did not spend much time outdoors during the screening period (88% spent <1 h outdoors after school, and 86% spent <2 h outdoors on weekends). This means that the magnitude of the error due to non-use outdoors is determined by the amount of time children spend outdoors, as the dosimeters were left indoors, in addition to the difference in indoor and outdoor radiation levels; consequently, the measured dose can be underestimated. The major determinant of the total dose is the radiation level of places where people spend most of the day. Therefore, it is reasonable to think that a major contributor to the significance of the errors may be the difference between the radiation levels in places where children are and those where the dosimeters are left. Our study considered school children, who tend to spend most of the day at school or home and who follow a similar schedule every day. Therefore, given that children who do not go to school (eg, preschool children), children on a long holiday or vacation break, and older children who are employed, have a different schedule, it is necessary to be careful when generalising our findings.
Limitations
We have identified some limitations in this study. First, note that the mean air dose rate in Minamisoma City during the study period was 0.49 μSv/h (range 0.19-2.13 μSv/h). Because the absolute values of the errors generated by improper use of the dosimeters may depend on the air contamination level in people's living areas, our findings with regard to the significance of the errors are not generalisable to other areas with higher exposure levels in the Fukushima Prefecture. In addition, in this study, we did not adjust the measured dose for the body size of an individual and directly used the measured dose as his/her effective dose. It is known that there is a possibility that the body size of an individual affects the accuracy of an individual radiation dosimeter by, at maximum, about 10%, depending on the product type as well as the irradiation geometry in the environment. 25 However, given the small percentages, this potential body size-dependent inaccuracy does not influence our conclusions.
CONCLUSIONS
This study identified a low rate of proper Glass Badge use by children, which was primarily attributed to non-use of the Glass Badge at home and outdoors, rather than at school. More rigorous instructions on the use of the dosimeter are required, with particular focus on time periods other than school hours. Specific attention to younger children is also needed because of the difficulty in making them adhere to the appropriate use of the dosimeters. The error resulting from improper use of the dosimeters was very small and clinically unimportant, indicating that, even if the dosimeters are not properly used, a solid evaluation of radiation exposure may be possible with some accuracy. Note, however, that the error can rise to a significant level if children do not wear or bring the dosimeters to school and outdoors because the error is generated by the difference between the radiation levels in the places where they are and those where the dosimeters are left. This information is useful for developing appropriate radiation evaluation and protection policies in response to the present Fukushima incident as well as for future radiological incidents.
